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PREFACE

The purpose of this report is to provide guidelines for the design of
magnetic components (transformers and inductors) for electronic power supplies.
As a design guideline, this report does not present a comprehensive theoretical
treatment of magnetics. Many textbooks are available for such a theoretical
treatment. This report is an assimilation of theory, practical experience, and
knowledge which is intended to be a useful design guideline for selecting
materials, cores and winding configurations, and applying the design equations
leading to the fabrication of reliable and producible magnetic components.

The author, Mr. Robert K. Davis, has developed his magnetics design exper-
tise from over 25 years experience, beginning in the early 1960's up to his
retirement from the Naval Avionics Center in December 1985.

Thanks are accorded to Mr. John Jentz and Mr. Chris K. Hagan, who helped in
organizing and editing the text. And most importantly, the typists,
Ms. Effie Jones and Mrs. Susan Daughtery deserve a special thanks for their
considerable patience, excellent support and diligence in typing this report.

Prepared by: ./?Z fiu-// /{C/ ‘();4'¢¢ Qk/

ROBERT K. DAVIS, B/835

Approved by: \ /7T Y 74:7l; _—
. y T , e W
Conversion Systems Branch 835

g4 . dacZﬁuﬂfy
M. LAWRENCE', Director
& Sensor Division 830
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1.0 INTRODUCTION

This report addresses the subject of magnetics design and fabrication for
power supplies for military electronics equipment. The two types of magnetics
discussed are the transformer and the inductor. Twenty-five years ago most of
the magnetics designs were based on the common power line sine wave frequencies
of 60 and 400 hertz. Because of the emphasis on switchmode power supplies,
which directly rectify the power line frequency to get a DC voltage that is
converted at a higher frequency (20 kilohertz and greater) to the desired DC
voltage levels, most of today's magnetic designs are based on rectangular waves
at frequencies greater than 20 kilohertz.

The magnetic design and fabrication techniques discussed are most appli-
cable to a power range from a few watts up to two kilowatts and a frequency
range from 50 hertz to 500 kilohertz.

As indicated in the Table of Contents, the magnetics information is pre-
sented in the following order and a brief description of each section is pro-
vided:

Section 2 - Magnetics Overview

Provides an overview of the basic magnetic design process.

Section 3 - Cores

Provides a discussion of applicable magnetic materials, core geometries,
and the selection of core material and geometry based on the application.

Section 4 - Windings

Provides design considerations related to the different winding

configurations, the selection of magnet wire and interlayer winding insulation.
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Section 5 - Transformer Design

Addresses the design of two major classes of transformers:
a. Power line frequency (60 and 400 hertz) transformers using silicon
iron magnetic core materials.
b. Switchmode power transformers using primarily ferrite core

materials.
Section 6 - Inductor Design

Addresses the design of power line frequency (60 and 400 hertz) inductors
using silicon iron magnetic core materials and switchmode power inductors using
ferrite core materials.

Section 7 - Design Practices

Discusses a number of techniques in the construction of magnetics which,
when properly applied, will result in producible magnetic designs.

Section 8 - Transformer and Inductor Testing
Discusses the various tests and identifies the appropriate test equipment

to verify that the magnetic component meets the specification and design
requirements,
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2.0 MAGNETICS OVERVIEW

Altnough this report covers both power line frequency and higher switchmode
frequency magnetic design, most power supply magnetic components, because of
increasing use of switchmode power supplies in military applications, operate at
frequencies greater than 20 kilohertz. Regardless of the operating frequency,
the magnetic components, design equations, known parameters, and design approach

are very similar.

Five of the magnetic components that may be found in a power supply are the
input filter inductor, output filter inductor, power transformer, drive
transformer, and auxiliary transformer (Figure 1). For a given supply it is
possible that components will be designed for use at different frequencies,
e.g., a 400 Hz input inductor and a 100 kHz switchmode transformer.

At the outset of a magnetics design some of the parameters required in the
design equations will not be known. However, input voltage, usable maximum flux
density, core cross-sectional area, and the frequency are usually available.

The designer must determine the primary and secondary turns, wire sizes, and
minimum core size. The design approach, which is outlined below, is the same
regardless of the frequency.

1. Determine the transformer and/or inductor requirements.

2. Select the core material and geometry based on the application and
frequency.

3. Estimate the core window area required for the windings.

4. Estimate the power which the magnetic component must process and select
a trial core for initial design calculations.

5. [Iterate the design process (2 through 4) until a compatible design is
determined.

6. Finalize the magnetic specification for electrical, construction, and
test details.
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Figure 1. Basic Switchmode Power Supply Circuit
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}} 3.0 CORES

o

‘ 3.1 Introduction

;)

) The magnetic core materials used in most military power supply applications
E§ are silicon iron and ferrites; other core materials, e.g., molybdenum permalloy
(¥

powder (MPP) and powdered iron, are used less often. The core material

o |

characteristics, which are most important to the magnetics designer, include the

following:
e
& - saturation flux density
o - permeability and its temperature coefficient
oS - core hysteresis power loss*
. - core eddy current power loss*
gé - Curie Temperature (temperature above which the magnetic properties

deteriorate rapidly)

W, -~
‘“y o

v
-

In practice, these are usually lumped together as "power loss".

.‘
‘
e

A larger maximum flux density reduces the number of turns the magnetic com-
ponent requires. In military applications, a high Curie temperature is needed
v for most designs. Hysteresis and eddy currents result in magnetic losses that
dissipate power and cause core heating. High permeability is also important

~ 1B

because it translates into high inductance and thus lower magnetizing current.
Core materials, core configurations, and their applications a.e discussed in the

g: following paragraphs.

X 3.2 Silicon Iron

5"

= 3.2.1 Silicon Iron Characteristics

;.

.. Silicon iron cores are classified as laminated cores which are either

iﬁ tape wound (also referred to as strip wound) cores or punched lamination cores.
Typical characteristics of silicon iron cores are the following:

¥

;.\
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Maximum Flux Density (Bmax) = 15,000 gauss (or greater depending upon
frequency)

Permeability (m) = 10,000 or more gauss per oersted (Oe) depending upon
flux density and frequency

Core loss = 0.9 watts per pound at 60 hertz and 15000 gauss flux density

or 9.0 watts per pound at 400 hertz

Core loss in silicon iron alloys, at least for grain oriented materials, de-
creases as the temperature is raised from zero to 600°C. The decrease is about
10% from 0°C to 150°C.

3.2.2 Core Configurations
1. Tape Wound Laminated Silicon Iron Cores

The tape wound laminated cores are made from silicon iron that is rolled
into different thicknesses and cut into strips. The strips are then wound into
different core configurations, e.g., C-cores or ring cores with rectangular core
cross sections. See Figure 2 for illustrations of the different core configura-
tions. The tape wound core was developed to take full advantage of the charac-
teristics of grain-oriented material. Its best characteristics are in the
direction of rolling which is in the length of the strip. National Magnetics
Inc. has over 200,000 mandrel sizes. On any mandrel they can wind a core with
any thickness material available, any width, and any buildup, all without a
tooling charge. If they do not have on hand the required mandrel, there is a
tooling charge of about $20.00. The National Magnetics Inc. [ref. 1] catalog
has about 100 pages of tape wound cores listed (single-phase, three-phase, and
ring in A, H, L, and Z material). Westinghouse [ref. 2] lists about 25 pages of
tape wound cores in their handbook. Arnold Magnetics [ref. 3] lists about 100
pages of tape wound cores in their part number index (not their catalog).
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A.

C.

Tape Wound C-core

Tape Wound Ring Core

Figure 2.
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B. Tape Wound 3-Phase Core

D. Punch Laminated E-1 Core

Example Silicon Iron Core Configurations
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Punched Lamination Silicon Iron Cores
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Punched lamination cores are made from silicon iron that is rolled into
different thicknesses and the piece patterns required are then punched out.
These punched Taminations are then physically stacked and assembled to make the

)

core with the desired cross-sectional area. See Figure 2.D.

"l
P’

Punched laminations are available in a variety of styles. There are EI,
EE, U, F, etc., types in various thicknesses in various alloys for different
applications. Many of the available types are "scrapless" configurations (no
waste material when punched). Inevitably, these give a poor ratio of window
area to core cross section unless the stack is small, and then the proportions
are far from optimum. Without automatic stacking machines, which the Naval
Avionics Center (NAC) does not have, punched laminated cores are expensive to
use. They are also difficult to store in order to avoid damaging. Only partial
use is made of the grain orientation feature available in silicon iron alloys.
Finally, nonstandard sizes and shapes are essentially out of the question

because expensive new dies would be required.

In view of the above drawbacks, punched laminations are not very satis-
factory compared to tape wound cores. Punched laminations, when used, are
purchased for the application and are not stocked at NAC.

3.2.3 Applications and Core Selection

Laminated cores are most suited for the low end of the frequency spectrum
i.e., power line frequencies. The tape or punched lamination thickness de-
termines the highest frequency at which the core is normally used. The available
tape and punched lamination thicknesses and the nominal upper frequency of
application are listed below:

*
- 12-mil tape or punched lamination: 60 hertz

- 4-mil tape or punched lamination: 400 hertz

- 2-mil tape lamination: wused primarily for pulse transformers and
charging chokes for frequencies from 1 to 20 kilohertz
1/8, 1/4, 1/2 and 1 m11 tape: wused primarily for toroids in square wave
and pulse applications at high frequencies
= .001 inch
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) For 60 hertz single-phase and three-phase transformers and chokes for ::;
P

filtering rectified single-phase power (120 hertz ripple), 12-mil laminated o
cores (either tape wound C-cores or punched laminations) are ordinarily used.

=
~Iy
] Rectified three-phase power (6-pulse or 12-pulse), either 60 hertz or 400 :j
) hertz, does not oruinarily need a choke input filter because the ripple magni- e
4 tude is low (13% for 6-pulse systems and 3.5% for 12-pulse systems). A S8
> three-pulse system would have 50% ripple and would need a choke input filter. E&
. >
. For 400 hertz single-phase and three-phase transformers and chokes for ;5
» filtering rectified single-phase power (800 hertz ripple), 4-mil laminated cores ;5
! (either strip wound C-cores or punched laminations) are usually used. When a &i
i choke 1is required for filtering rectified 3-pulse, 6-pulse, or 12-pulse power, E;E
‘ts the same core material that is appropriate for the preceeding transformer, if ;Eﬂ
present, is usually used. 5
s
b :f
g Two-mil C-cores may be used for the input choke of a switching regulator ﬁ%i
re power supply operating at 20 kilohertz. At higher frequencies, ferrite is more ;1
suitable, A
; It should be emphasized that chokes for filtering rectified power line E{E
frequencies will usually require silicon iron laminated cores. Chokes to :}:
‘\ prevent feedback of switching frequency harmonics to the power line will usually i
) require ferrite cores. Thus a choke of each type may be required in certain ﬁg.
[ power conditioning systems. _}:
} =3
- For silicon iron cores, the first core selection choice should be from the -
- CODED-T listing. CODED-T is a computer program developed at NAC that aids in 3$;
. transformer design [ref. 4]. After the CODED-T consideration, select one of the féf
i} following in descending order of preference: N
. -
{;- - Preferred core from the National Magnetics catalog [ref. 1], Arnold Zﬁi
- catalog [ref. 3] or Westinghouse catalog [ref. 2]. i::‘
- - Nonstandard core from National Magnetics catalog [ref. 1] or from Arnold X j
Magnetics catalog [ref. 3]. =
. - Special core made on an existing mandrel, ;ﬁ:
- - Special core made on a new mandrel. EE
- 9 :';‘..
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The CODED-T core list does not include tape wound, 12-mil, 3-phase cores
for 60 hertz applications. Puncned lamination part numbers will appear on
CODED-T print-outs for this application. The procedure for forcing the CODED-T
program to provide a 3-phase, 60 hertz tape wound ~ore design is discussed in
the transformer design section (Section 5.1.3).

National Magnetics gives yood delivery on special cores. The ordering
procedure is very simple. Using an existing mandrel if possible, determine the
required core dimensions and then call National Magnetics. If they have no
catalog number for a core of the renuired dimensions, they will assign a number
and quote the weight, price, and delivery.

3.3 Ferrites
3.3.1 Ferrite Characteristics

Ferrite is & dense, homogeneous ceramic structure made by mixing, pressing,
and sintering iron oxide (Fe203) with oxides or carbonates of one or more metals
such as manganese, zinc, nickel, or magnesium, Ferrite magnetic cores are norm-
ally molded, but can also be machined from block material. The greatest advan-
tages of ferrites are their low eddy current and hysteresis losses over a wide
frequency range. Typical characteristics of ferrite cores are as follows:

Bmax = 3,000 Gauss sporoximately

u 2,500 to 6,500 Gauss/0Oe depending upon temperature and flux density

3

Total loss is about 90 watts per pound or about 1 witt per cm~ at 3k Gauss
-
flux density, 50k hertz frequency, and 100°C. N

Curie Temp:rature is greater than 230°C for power materials.

3.3.2 Ferrite Core Configurations

a

Ferrite cores are available in many confiqurations: Pot, EC, EI, U, etc.,

s

and many variations of some of them. The possibilities are limitless. Figure 3

illustrates some of the various ferrite core configurations. Ferrite pot cores

10
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Ferrite Core Configurations
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are avdallable in nine standard sizes (Figure 4). The last two digits in the pot
core number represent the core height, in millimeters, for the two pot core
halves, and the first one or two digits represent the pot core diameter in

millimeters.
3.3.3 Ferrite Applications and Core Selection

Ferrite is the material ordinarily used for transformers and chokes for
applications at 20 kilohertz and up. In this frequency range, its losses are
lower than those of metal cores (silicon iron, permalloy, orthinol, etc.).
Because ferrites have fairly low Curie temperatures, only a few ferrite material
types are usable up to 1250(. The common ferrite core material designations
vary between companies. A comparison of the preferred power ferrite materials

and their manufacturers is shown in Table 1.

TABLE 1. PREFERRFU POWER FZRRITE MATERIALS

MATERTAL POWER INITIAL CURIE
MFG. DES [GNATION LUSS* PERMEABILITY  TEMP. DEG.C
Magnetics P 300 2500 230
Inc. F 300 3000 250
Ferroxcube 3(C6A N/A 2000 >200 (new material)
Inc. 3C8 500 2700 >210
T0K Inc. H7C1 250 2500 >230

* Power 1oss in miiliwatts (mW) per cmj P2¥ qauss, IOOOC, and 50K hertz
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Eff.
Core Gross Avg.
Pot Cross-sectional|Weight| Path | Eff. Eff.
Core | 0D H D Area, Ac Length| Vol. [Core Area
Number{ (Max) [ (Max){ max/min nom. (min) (le) (Ve) (Ae)
in in in cm2 0z cm cm3 cm2
905 | .366] .212].083/.079} .0788 (.0729) | .046 | 1.25 .126 .101
1107 | .445] .262{.083/.079] .1316 (.124) .064 | 1.55 .251 167
1408 | .559] .334]|.126/.118} .1979 (.183) 113 | 1.98 .49¢ .251
1811 | .717] .422[.126/.118] .3604 (.337) .226 | 2.58 | 1.12 .433
2213 | .858] .536].181/.173] .5094 (.483) .425 | 3.15 | 2.00 .635
2616 11.024) .642].221/.213] .7610 (.720) .707 | 3.76 | 3.53 .948
3019 |1.201} .748}.221/.213}1.147 (1.10) 1.20 4.52 | 6.19 1.38
3622 |1.418] .866(.221/.213]1.744 (1.66) 1.91 5.32 110.7 2.02
4229 [1.697(1.174(.221/.213({2.136 (2.05) 3.68 6.81 118.2 2.66
Figure 4. Standard Ferrite Pot Core Mechanical Characteristics
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The ferrite core manufacturer:' catalogs [ref. 5 and ref. 6] contain curves

which show core loss per unit volume versus flux density with frequency as a

parameter., The core loss is given in milliwatts per cm3. These curves were

derived from measurements using toroid cores. Comparisons between toroid cores
and other core configurations are based on effective dimensional parameters;
effective core area, effective core volume, and effective core magnetic path
length. These effective dimensional parameters are a measure of the magneti-
cally active core materisl for the diiferent core configurations. The differ-
ences between these effective parameters and the actual dimensions for toroids
are negligible. However, for other «ore confrjmations these differences are
appreciable, and thus are accounted for by using the effective parameters.
Therefore, power loss calculations, using tve curves found in the catalogs,
should be based on the core effective volume rather than the actual core volume.

Pot cores provide neari; romplete electric and magnetic shielding for
transformers. For chokes the nagnetic thiclding is less complete because of
the air gap ir the cora unless preqganped cores with the air gap only in the

center leg are used.

Custom ferrit= core. are avaiiabie from the following manufacturers and
possibly others:

Ceramic Magnetics, Fairfirld, NJ

Elna Ferrite Labs, Wocditucs, NY

Magnetics Inc., Buti-=- PA
3.4 Molybdenum Permalioy Powiered {MPP) & Powdered Iron
3.4.1 MPP and Powdercd Tcon Characteristics

Both MPP and Powdered Iron are molded cores that use a nonmagnetic binder.
The effective permeabil ity of these cores can have a wide range which is

controlled by varying e amount of nomnagnetic binder used. A larger amount of
nonmagnetic binder intreases the offoctive distributed air gap which lowers the
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:3 permeability, but permits higher DC magnetic force. A range of characteristics
for MPP cores is listed below:

~ Bmax = 1500 gauss for typical designs

t: ¥ =14 to 550 gauss/Oe

< Curie Temperature = 460°C, but the temperature limitation is the

E' temperature rating of the core insulation.

“»

3.4.2 Core Configurations

MPP is available in toroidal form only. Powdered iron and its variations

‘EJ are available in toroidal and other shapes.
£§ 3.4.3 Applications and Core Selection

. MPP and powdered iron cores are more suited to upper audio and radio
t& frequencies, respectively. MPP cores are not ordinarily used for transformers
because of their low permeability (<550 gauss/Oe). The low permeability

results in low inductance for the primary and therefore high magnetizing

current., If DC flux is present in the core, and low effective permeability is

needed, MPP cores may be useful. They are excellent for chokes that must have

a well controlled inductance, especially in the audio frequency range, i.e.,

below the range used for switching power supplies.
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4.0 WINDINGS :}
This section provides design considerations related to the different ii
2

winding configurations, the size selection of magnet wire, and interlayer
winding insulation, s
&

4.1 Winding Configurations >

There are many types of winding configurations used in transformer and
inductor constructions. Each winding configuration has characteristics which
affect its suitability for certain applications. For example, winding config-
urations that minimize distributed capacitance are not used for power line
frequencies except possibly in the high kilovolt or megavolt range. The type
of winding used is dependent upon the application, frequency, core, voltage,

and wire size.

The winding configurations described are used on two principal coil form ;f
types. C-cores and punched lamination cores normally use a coil form of ,
rectangular cross section whose size just fits over the magnetic core cross E?
section area (Figure 5.A). The coil form material commonly used is silicone
impregnated woven or felted fiber glass sheet. NAC drawing number 200AS118 ~
lists the standard rectangular coil forms. Ferrite pot cores use a bobbin for
the coil form (Figure 5.B). Standard pot core bobbin coil forms and their »
dimensions are shown in Figure 6. Bobbin materials commonly used are delrin,
fiber glass filled nylon, and Kel-F for high temperature applications. Nylon
is not a material of choice because it cannot be readily etched to allow -
potting materials of epoxy types to wet the surface. If necessary, nylon .
bobbins can be fine abrasive blasted to provide for good mechanical adhesion \’
of epoxy.

A number of different winding configurations (Figure 7) are described

below (see reference 8 for a more complete description of coil winding i:
configurations): -
-“‘

- Layer windings (Figure 7.A) are neat and utilize the winding space to -

good advantage. Adjacent turns are as close together as the winding

equipment can put them. There may be one or more layers in a winding.

1%
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Figure 6. Standard Pot Core Bebbins and Dimensions [ Ref. 7] o
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- Pseudo layer winding is a multiple layer winding and often times
results from attempting to layer wind many layers of fine wire without

interlayer insulation,

- Multiple strand windings are referred to as multifilar, e.g., bifilar,

trifilar, etc. Multiple strands may be used to better utilize the ;;
available space or may be used to maximize the magnetic coupling be- -
tween the strands in order to improve circuit performance. A sense :;
winding may be bifilar wound with the main winding in order to obtain a
signal which is electrically isolated. Because of nearly perfect mag- ;3
netic coupling, the signal voltage will closely match the voltage of -
the main winding. If the sense winding uses wire that is 14 AWG wire <
sizes smaller than the main winding, it takes up no additional space &
(Figure 7.B). The sense winding may be put on either before or after o
the main winding. However, the latter method is easier. &
- Bank winding (Figure 7.C), basket winding, and universal winding ,f
(Figure 7.D) and its variations are types of windings used to reduce )
the distributed capacitance of the winding. Capacitance is reduced by .
so disposing the turns or Tlayers of turns that the potential difference 7
between adjacent turns or layers is minimized or the projected areas fj
are minimized. Capacitance reduction is achieved in universal windings o
by winding the turns in successive layers at a considerable angle to -
each other, instead of the normal uniform helical winding construction. -
i In addition, the winding may progress axially from the starting area so ]
S& that the start and finish ends are not close to each other. :;
:f‘ - Scramble winding can be deliberate or the result of hand feeding from ;
-;; the supply spool where neatness and space considerations are subordi- il
:f‘ nate. When scramble winding is deliberate, it is used to reduce dis- {Q
} tributed capacitance, It may be used when universal winding equipment -
j?{ is not available, but the distributed capacitance will be greater than .
fi: for universal. s
;‘:: [
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- A solenoidal winding, consisting of two layers wound left to right in
rl the first layer and then right to left in the second layer, has the

' turns having the highest potential difference adjacent. Bank winding
avoids this by having the third, fifth, seventh, etc. turns wound on
top of the first, second, fourth, sixth, eighth, etc. turns. Bank
winding requires a threaded form and/or wire insulation that keeps each
turn in place.

- Staggering bifilar winding starts and finishes can be advantageous.
Transformers for DC to DC converters usually operate at frequencies
that require ferrite cores (usually pot cores), with the windings on
bobbin coil forms. In order to best utilize the available space when
the winding is to be bifilar, the starts and finishes may be "stag-

gered"; the start ends of the two strands are placed in separate slots
. located 180 degrees apart on the same side of the bobbin., Each strand
is wound with the same integral number of turns and will end in the
slot where it started or at the opposite end of the bobbin, Staggering
is most useful when the wire diameter is greater than about 5% of the
bobbin width or larger than about AWG 20.

C-core transformers and inductors commonly use true layer windings with
interlayer and interwinding insulation. If a bobbin is used (large volume

production at low or medium power), the windings may be pseudo layer wound.
" Bobbins are usually used on ferrite cores unless the winding is a self-sup-
kj porting type such as a universal winding.
‘E? The reduction of distributed capacitance becomes important when the
- resonant frequency of the winding is to be controlied, especially at higher
‘;i voltages and higher frequencies. Higher voltage at a given frequency requires
: more turns for that winding, and more turns on a winding increases the winding
capacitan~2, The resonant frequency is inversely proportional to the square

root of the product of the winding inductance and the distributed capacitance,
and the inductance is proportional to the number of turns squared, Thus, the
resonant frequency is inversely proportional to the turns when the total
winding capacitance is fixed. But since the capacitance increases with the
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number of turns, the resonant frequency decreases at a faster rate than that
due to just an increase in inductance resulting from an increase in the number
of turns. The bank winding configurations and the universal winding
configurations discussed above can be used to minimize the distributed
capacitance of a winding.

4.2 Magnet Wire
4.2.1 MWire Size

The choice of appropriate wire size for magnetic designs is based on the
voltage drop and the heating effect (IzrmsR) in the magnetics' windings. Root
Mean Squared (RMS) current is given by:

True RMS Current = Irms = (Izac + Izdc)o'5

A very important consideration is to calculate the true RMS current based
on the distorted load current waveforms that result from rectification and
filtering, e.g., capacitor and inductor-capacitor filters. Any load current
distortion from the normal sine wave normally results in increased RMS
current. These RMS current considerations are discussed in Appendix B.

In Tow voltage applications, voltage drop considerations dominate the
choice of wire size. If heating were the only consideration, one could use as
Tittle as 400 circular mils per ampere RMS (CM/A) in small transformers or
inductors and 500 to 600 CM/A in larger units. Still larger units will
require 800 to 1000 CM/A.

However, 400 CM/A may give higher resistance than desired unless the
resistance is desired in an inductor for damping within the circuit.
Designing resistance into the winding for damping is permissible only in small
units because of temperature rise. Also, copper has a large temperature
coefficient of resistance (0.39%/°C), thus the damping will change with

temperature if the winding resistance dominates. It is preferable to use wire
of suitable cross-sectional area on the required core and use an external
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S

o

resistor to make up the additional .istance required for circuit damping.

.' The change in resistance, due to change of temperature, for copper wire is

) given by:
EZ

‘ RZ/R1 =1 + .00393 (tz - 4)
" 0
& Where R1 = resistance at temperature t1 =+ 207C

~vrr
e

"

R2 resistance at temperature t2

;} In applications for high currents at high frequencies, the skin effect
o may require the use of strip copper rather than round wire. Alternatively,
" two or more strands of smaller round wire may be paralleled for increased
E; ratio of surface area to cross-sectional area.
i
. Litzentraht ("Litz") wire is another alternative for the reduction of
. skin effect in high frequency windings. Litz wire consists of many strands of
‘i insulated fine wire woven together in such a way as to have each strand appear
at the surface at regular intervals along the length of the combination. This
éz construction is an attempt to improve the ratio of the AC resistance to the DC
i resistance for frequencies up to about 500 KHz. At higher frequencies
capacitance effects negate the advantages of Litz wire.
[P
o True Litz wire is very difficult to use if it has high temperature enamel
o insulation., Each strand must be stripped and soldered at each end. Wire
- coated with a material which will melt at soldering temperatures and also
1 meets military temperature requirements is available.
Eg Another multistrand wire is made up of twisted strands and, therefore, is
not the equal of Litz wire for the amount of copper present. It is an im-
o provement over solid wire and can consist of fewer strands of wire which are
["; larger than those in true Litz wire. These fewer strands can be individually
" stripped and soldered if the extra effort is justified.
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4.2.2 Wire Insulation

Magnet wire is available with various coating materials, e.g. polyester,
nylon, polyester-amide, polyimide, and in combinations of them, The rated
maximum operating temperatures for magnet wire with these coating materials are
found in Federal Specification J-W-1177. The insulation for each wire size and
coating thickness has a specified minimum breakdown voltage. Over a portion of
the size range the coating can be single, double, or triple. A double coating
is commonly used. At the Naval Avionics Center, grade HZ2 is the only magnet
wire stocked. Grade H2 is double coated with polyester-amide-imide and is
designated Class 180, i.e., rated for 180°C.

The minimum breakdown voltage ratings for grade H2 vary from 3700 volts
RMS at 60 Hertz for AWG 4 to 1300 volts RMS for AWG 44, It is good practice to
operate at no more than about 20% of the minimum breakdown voltage rating.

4.3 Winding Insulation
4.3,1 Winding Insulation Materials

Insulation used in transformers and inductors serves several purposes.
The primary function is to provide electrical isolation between points of
different potential. Another purpose is to facilitate construction by
providing a level surface for the next winding. For this latter case,
insulation, in the form of sheet material, is used between layers or windings

which also serves as interlayer or interwinding insulation.

A Tow viscosity liquid may be used for impregnation to give overall
protection against voltage breakdown. If the impregnant solidifies during
cooling or curing by chemical reaction of constituents, the impregnant holds

the windings and turns in place.

Viscous fluids are used for potting or molding. Other fluids can be used
for one-step impregnation and potting. Glass in the form of cloth, fiber, or
mat when impregnated with epoxy, silicone resin or melamine is a good material

for coil forms, terminal boards, printed circuit board, etc.

8
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Another excellent insulating material is paryliene, an organic chemical
: compound applied by vapor deposition. There are no pin-holes and coverage of
' sharp points is the same as flat or concave surfaces. The process is complete
. when the coated purts are removed from the deposition chamber. The temperature
E:-E', of the parts during this process does not rise more than a few degrees above
room temperature.

4.3.2 Characteristics Required of Insulating Materials

The primary requirements for winding insulating materials are adequate
i~ temperature rating, dielectric strength, flexibility in strip form for
interwinding and interlayer insulation, non-brittleness, resistance to tearing,
. availability in required thicknesses, and compatibility with the other
&; materials present.

i Materials for bobbins must be moldable or machinable if small quantities
are to be made. Short glass fibers are used as filler for moldings such as

i. bobbins. The glass fibers increase the rigidity and useable temperature limit
of moldable materials such as delrin and nylon. Nylon is not a material of

choice because of its moisture absorption characteristic. Delrin is much

- better, having low moisture absorption and good dimensional stability. Torlon,
by Amoco, is a relatively new material with excellent properties for bobbins.

.

LT v ' 3 v e e
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Naturally occurring organic materials such as cotton and silk are very

unsatisfactory because they absorb wate , mildew, or rot, are attacked by .‘

vermin, and have low temperature limits. The newer materials are synthetics '1
fﬁ and surpass the older materials in performance characteristics. Some naturally !’
~ occurring inorganic materials are quite satisfactory if sufficiently pure. g
::: Mica is an outstanding example, but synthetic mica is better. Some forms of ij
o

clay such as bentonite are used as fillers for encapsulants for transformers
and inductors. Sulfur is a good insulator within its temperature limitations
and applicability.

...............
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Some of the chemical classes of insulating materials are polyamides
(nylon), polyimides (kapton), copolymers of these, polyesters, and many others.
There are both liquids and solids consisting of chlorine, fluorine, hydrogen,
and carbon. Fluorinert, by 3M, is an excellent insulator available in a wide

range of boiling points.

Teflon by Dupont and Kel-F by 3M are excellent materials, especially for
applications requiring rod or sheet material. Kel-F is somewhat easier to
machine because of its higher modulus of elasticity. Teflon can be improved by
heat treatment to harden it. This material is especially good for high fre-
quency and high voltage applications because of its low dielectric constant,

high dielectric strength, and Tow moisture absorption.
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5.0 TRANSFORMER DESIGN

This section deals with the design of two types of transformers: 60 and
400 hertz power line frequency transformers, and high frequency switchmode

power transformers.

;? A1l applicable information on the input, output, performance requirements,
etc., should be available before starting the transformer design. Information

?: should include power line frequency, voltages, secondary currents with due

h allowance for the nature of the load (see Appendix B), environment, cooling

I; methods, and size and weight limitations. The design time will be reduced by

- knowing various details of the application. It is difficult to completely

o specify magnetic components for some applications. Hence, any additional

) information permits the magnetic designer to use his ingenuity in the trans-

former design.

5.1 Design of 50/60 and 400 Hertz Power Transformers

Silicon iron is the preferred core material for these power line

frequencies. In most cases, tape wound silicon iron cores will be used. The

i trans former design challenge for a single-phase transformer is to select the

B proper C-core and obtain a proper fit of the required primary and secondary

" windings on the C-core. Figure 8 shows a C-core with the standard dimensioning
designators. Figure 9 shows a cross section of a C-core and winding. The

35 basic equations used in the design process are stated below.

Erms = "/Z B x Ai x Nx f x 1078

\ No B Es

. N E E

5 p p p
Where:

L

Erms = Primary voltage in Vrms
= Peak flux density in gauss
N = Number of turns on winding
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= Number of primary turns e

Np 4

f = Frequency of applied waveform in hertz

Ns = Number of secondary turns ii

E, = Secondary RMS voltage ~

Ep = Primary RMS voltage N

ES = Secondary peak voltage o

Ep = Primary peak voltage

Ai = Net core cross-sectional area in cm* :j
*The net core cross-sectional area, Ai, is the actual area of the iron at the i:f
cross section. This net area differs from the actual core cross-sectional ~
area, Ac, or gross area, by a factor of Kc, the core stacking factor. The -
stacking factor accounts for the cross-sectional area of insulating adhesive ’
between strips or laminations of iron for tape wound and punch laminated cores i'
respectively. Thus, the gross cross-sectional area for such cores is the sum -
of the iron area Ai and the inter-laminate adhesive. For cores of homogeneous .
materials such as ferrites, the net area Ai is equal to the gross area Ac. ;1

Flux produced by the secondary ampere turns cancels the flux produced by ii
the load component of the primary ampere turns. That is, no net flux is -
produced by the load currrent. Therefore, saturation is not produced by
overloading. The peak flux is produced by the exciting current which equals
(peak voltage)/wlL plus the current to support the core loss. -
5.1.1 Manual Approach to Power Line Frequency Transformer Design A

The following procedure is suggested for the design of a power line
frequency transformer:

1. Calculate the total Volt-Ampere (VA) output power (DC component and jé
ripple components combined as the square root of the sum of the squares) from -
the rectifiers or directly from the secondaries if rectifiers are not used. "
Primary magnetizing current may be neglected because it is a quadrature com-
ponent and is small compared to the primary load current in a well designed and )
constructed transformer. |
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The VA rating of the primary is not necessarily equal to the sum of the
!' secondary VA ratings. For example, the primary VA rating of a transformer is
o the same whether the secondary supplies a bridge rectifier or is center-tapped

- for a center-tap rectifier circuit, where the load circuit following the
Eﬁ rectifiers is the same in each case. The VA rating of the center-tapped
winding is Z times the actual VA output of the bridge rectifier circuit
E; (rectifier drop and IR drop of windings neglected).
|
| ﬁ} 2. Divide the actual VA output by the estimated transformer efficiency.
\L* The result is the primary VA input. Typical transformer efficiency ranges

o between 0.8 and 0.95.
o

i 3. Calculate the design circular mils per ampere (CM/A) for each winding
Eﬁ using Equation (56) from Appendix A. The required CM/A increases for
increasing current in the winding.

B 4. Using the true RMS current for each winding, calculate the needed CM
I i' and thus the wire size for each winding.

:f" 5. Obtain a preliminary estimate of the core cross-sectional area and the

available window area (AcAw) product required using Equation (49) from Appendix
] A,

6. Using the "Rule of 2s" as a guide, choose a trial core from the manu-

tf facturer's catalog. Some compromise may be necessary. The "Rule of 2s" re-
lationship is based on a mathematical analysis used to minimize size or weight

;; of a single-phase transformer (or inductor) on a C-core, and is expressed as
follows:

@ D~ (2.2 to 2.0) x E

T G I (2.2 to 2.0) x F

) Gx F I (2.2t02.0)DxE

s

E{ where D, E, G, and F are the standard C-core dimension designators (Figure 8).
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The constants are not hard and fast. They depend somewhat upon the fill
factor in the window. Fill factor is defined as the actual total cross-sec-
tional area of conductor in the window divided by the window area. An approx-
uinate fill factor is 0.4 for laminated cores, particularly grain oriented
silicon iron cores.

7. Calculate the primary turns for trial core selected in Step 6 using
Equation (1) from Appendix A. The maximum flux density used for silicon iron
core designs is about 16,000 gauss.

8. Calculate corresponding turns for the secondaries. Increase secondary

turns by a factor of 1.02 for 400 Hz supply (or 1.05 for 60 Hz) to allow for IR
and reactar e drop. Thus: NS = Np X (ES/Ep) x (1.02) or (1.05) for 400 Hz and
60 Hz transformers respectively. Alternatively, the primary turns may be

decreased, provided the flux density is acceptable.

9. Calculate the approximate margin for each size wire being used.

0.5 0.5

Margin - 0.8 x (wire diameter) to 1.0 x {wire diameter) at each end

of each layer.

Note: Margin should not be smaller than Z .06 inches and need not be
greater than > .25 inches. When wire larger than AWG 12 is
required, it is better to parallel two or more strands of wire to
give required cross section.

G - (2) x (margin) = maximum length of one layer of a winding.

Maximum effective diameter of the wire is approximately (1.02) x (maximum

wire diameter listed in the wire table). Thus, the approximate maximum length
of one layer of a given wire sizo is:

(N+1) x (1.02) x {maximum wire diameter listed in tables)

Where N = the number of turns in the layer.
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T
.l

For purposes of calculating layer length, margin, and buildup, "maximum
wire diameter" is the maximum diameter including the wire insulation.

g

Design trade-offs include: wusing more than one layer, using smaller

wire, using a slightly smaller margin, or using a core with larger G
dimension.

e
L,

6

A technique that conserves window space by reducing coil buildup is to

Eﬁ use two strands of wire three AWG numbers smaller and bifilar wind them. The
coils can then be connected in parallel or in some cases they can be used as a

ﬁ: center-tapped winding. The latter avoids having to tap in the middle of a

[ Y

o layer.

[

v

10. Calculation of Coil "buildup"”

o buildup = coil form maximum wall thickness

[
+

summation of wire diameter multiplied by number of layers of

that diameter

total of interlayer insulation, if used

total of interwinding insulation 4

outer wrap on coil
5% to 10% of the sum of the above to allow for bulge*

+ + + +

Ei * If conductors are small so that each winding is compact, 5% is
. enough, If the conductors are large and therefore do not make a
i coil with nearly plane faces, allow 10%. Also, silicone varnished

fiber glass for interlayer and interwinding insulation gives more

“ -.' l.. . . 1 T

i bulge than Kapton tape.
‘_._l .
A Multiply the buildup sum by number (1 or 2) of coils in the window. :3
o "
A :4
N
é [}
o
4
. ‘)
::
N
3 . z
~. o
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Along with filling the layers reasonably well in the G dimension, one {3
must not exceed the F dimension with buildup of coil depth of the one or two )
coils that are to occupy the window. Calculated total buildup should not ii
exceed approximately 90% of the F dimension of the window. The other 10% is -
an allowance for the difference between the calculated buildup and actual &
results. If less than about 75% of the window width is full, a different core ~
should be used. Alternatively, larger wire could be used for better -
regulation and lower temperature rise. More turns could be used on each
winding for lower flux density and thus lower core loss.
11. Iterate as required to get desired final result.
fﬁ 5.1.2 Alternate Ways (In Order of Preference) To Choose The Core Dimensions o
--. {:
1. Use the CODED-T program to obtain a preliminary design, a core part -
‘ number, and wire sizes. o
X 2. Use Equatior (56) from Appendix A to pick CM/A and Equation (49) from .-
Appendix A to pick the AcAw product. »
y 3. Given fixed maximum overall dimensions, use cut-and-try design Eﬂ
. changes until acceptable results are achieved. -
. »
= 4. Sometimes changing the D and E dimensions of the core while keeping -
X the OE product constant or nearly so will be the key. For example, keeping F, -
G, and DE product constant, a 8E change in E changes the overall dimension in o
the F direction by 28E for a single-phase transformer or 32E for a three-phase -
N unit. :i
N .
x 5. Another approach is to design the windings and dimension the core to Eg
fit (while satisfying all requirements).
j 6. Sometimes one has no choice but to use the core used in the previous -
: design for the application, even though the requirements (power or number of »o
secondaries) have been changed (increased, usually). Sometimes this will L
result in greater temperature rise than the previous design unless novel .
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techniques and refinements are used to better utilize the window space. As a
last resort let it run hotter (use higher temperature wire and insulation) or
provide fins for extracting heat.

5.1.3 CODED-T Approach To Power Line Frequency Transformer Design.

The Naval Avionics Center developed a computer program for the design of
C-core and punched lamination silicon iron cores [ref. 4]. This program can
now be accessed via any remote CRT terminal that is linked to NAC's central
computer. See Reference 9 for instructions for using this program on the NAC
central computer. A copy of Reference 9 can be obtained from the Computer
Operations Branch 723. A single-phase transformer design example using the
CODED-T program is included in Appendix C.

Because 12-mil tape wound cores for the design of 60 hertz three-phase
transformers are not included in the CODED-T data base, a modified design
procedure must be employed. Use the CODED-T program to design a single-phase
split coil transformer which has 2/3 the required three-phase power rating,
twice the primary and secondary leg voltages required, and currents equal to
those required. Specify 5 to 10°C Tower temperature rise than normally
permissible because the center leg of the three-phase unit doesn't cool as
well as the outer legs. Add another leg to the core and put the same number
of turns of each wire size on the third leg.

Ihe same design procedure may also be used to design a 400 hertz
three-phase transformer. If a unit is needed for which there is no
three-phase 4-mil strip wound core in the data base, one can design around a
single-phase core which is in the data base and then refer to a catalog for a
suitable three-phase core or order a special core as required.

If one calls for a tape wound core (either three-phase or single-phase,
4-mil or 12 mil), but a suitable core is not available in the data base, the
program will default to a punched lamination. If that is not acceptable to

the user, he may use the above procedure to design a unit using a tape wound
core.
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The question of delta versus wye for connecting windings is left to the
user of the CODED-T program. The user must specify the voltages and currents
of the windings according to their use in delta or wye connections. The com-
puter program does not address the subject of connections. It simply computes
the number of turns, wire size, etc, required to make the individual windings
for the user's transformer,

The above statements apply to all CODED-T transformer and inductor
designs whether single-phase or three-phase, at any frequency, and on any tape
wound or punched lamination core.

5.2 Design of Switchmode Power Transformers

As discussesd previously, the switchmode power supply operates at
frequencies above 20 kilohertz and ferrite core materials are normally used
for magnetics at these higher frequencies. Because the switchmode supply is
normally based on rectangular pulse voltage waveforms, the basic magnetic
design equation is modified as shown below along with other pertinent design
equations.

Epeak = 4B x Ai x N x f x 1078 square wave

8

(Epeak) x (t ) = 2B x Ai x N x 10” rectangular wave

on

E dc = (Epeak)

ton ¥ toff

Where:

Epeak = Peak primary voltage in volts

B = Peak flux density in gauss

Ai = Net core cross-sectional area in cm2 = Ac, gross cross-sectional

area
N = Number of turns on winding
Edc = Output voltage in Vvdc
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—
1]

on On time of rectangular voltage waveform

of f

Off time of rectangular voltage waveform

~
0

Frequency of rectangular waveform
5.2.1 Manual Approach To Switchmode Power Transformers.

The following procedure is suggested for the design of switchmode
trans formers:

1. Calculate the power output required.

a. Add 20% if Edc output = 5 volts
b. Add 10% if Edc = 15 volts or higher

2. Pick a tentative core size, material, and geometry, taking into

account the following:

a. Power output - refer to Equation (70) of Appendix A or to the
Magnetics Inc. ferrite catalog, p 9.5 [ref. 5].

b. Input, output, and standoff voltages required. (High voltage
designs require extra window space.)

c. Frequency

3. Calculate the number of primary turns required using the
relationship:

. -8
(Ep) x (ton) = 2B x Ai x N x 10

Where Ep = Peak voltage applied to primary
ton = duration of one conduction period in seconds
Np = Number of primary turns

4. Determine the secondary voltage required based on the output voltage
required, an estimate of the IR drop in the choke, and the duty factor.
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5. Calculate secondary turns using the relationship
(E,) b
- ~
NS X (Np) x (1.02)
E r
(Ep) N
o
Where Ns = Number of secondary turns "
E, = Secondary RMS voltage i
Ep = Primary RMS voltage
E:
a. Because of imperfect coupling between windings, the turns ratio
must be greater than the voltage ratio, hence the 1.02 factor. This factor is
not rigid and can be a little larger to give an integral number of turns
provided the output voltage is not too high. o
b. Otherwise, change the primary turns to come closer to the ideal -
ratio. -
c. [If it is necessary to decrease primary turns, recalculate the al
flux density. A higher flux density may require using a different core
material, e.g., Magnetics Inc., P material instead of F material. :j
d. An alternative is to use a larger core (larger cross section). n
6. Calculate the RMS current for each winding based on the circuit “a
configuration to be used and the applicable form factor. {j
7. Calculate wire cross-sectional areas based on 500 or 600 CM per tg
ampere or more in large devices. If required, due to space limitations, as
Tow as 400 CM per ampere may be used if the heating and IR drop is acceptable. iﬁ
8. Attempt to fit the windings into bobbin, if used, or the available o
window area. For pot cores, use Table 2 or manufacturers' catalog information N !
giving winding space available on bobbins, Table 2 applies mainly where wire ..
is larger than AWG 26. Also, see graph No. 7 in the Magnetics Inc., ferrite i!

catalog, p. 5.12 [ref. 5] which applies mainly where wire size is smaller than
AWG 26. [Iterate steps 2, 3, 5, 7, and 8 as required.
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6.0 INDUCTOR DESIGN

This section discusses the design of inductors for 60 and 400 hertz
frequency inductors and switchmode power supply frequency inductors, and
includes a discussion of the benefits of using coupled inductors. Almost all
the applications for power inductors associated with power supplies involve
their use in the inductor-capacitor (LC) filter which either follows a
rectifier circuit or is located at the dc input to prevent harmonic currents
from feeding back on the power distribution lines. Just like the transformer
design, all applicable information is desirable, e.g., the input/output
voltages, current range, frequency, environment, and size and weight

lTimitations.
6.1 Design of 60 and 400 Hertz Power Line Inductors

The actual frequency seen by the inductor in an LC filter is some integer
multiple of the power line frequency. For example, an LC filter for a sin-
gle-phase input voltage that is full-wave recti.ied sees twice the power line
frequency. Thus, a three-phase input voltage that is bridge rectified will

provide six times the power line frequency to the LC filter.

The concept of critical inductance is important in defining the induct-
ance value required in LC filter applications. Critical inductance is the
minimum inductance value that will ensure continuous (uninterrupted) current
through the inductor at the minimum current condition. At load currents equal
to or greater than the minimum load current for which the inductor has the
critical value, the inductor output voltage equals the average value of the
inductor input voltage waveform. Use of an inductance less than the
calculated critical value, or a load current less than that required for the
designed critical inductance permits the filter capacitor (which follows the
inductor) to charge to a voltage approaching the peak value of the inductor
input voltage waveform. Thus, the voltage regulation is poorer than if the
load current did not drop below the value for which the critical inductance
was calculated. Furthermore, the ripple voltage, peak current, and RMS
current are higher for a given value of filter capacitor. Expressions for
calculating the critical inductance for a rectified sine wave and rectangular
wave are found in Appendix A.2.
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As shown in the derivation of the value for critical inductance, the
instantaneous current just drops to zero, but is not interrupted. For a

symmetrical current wave form (e.g., sine wave or triangular) the peak value
of current is twice the average current.

6.1.1 Manual Approach To Power Line Frequency Inductor Design

The following procedure is suggested for the design of a power line
frequency inductor.,

1. Calculate the critical inductance, Lc, using the appropriate equation
from Appendix A.2. The desired induc tance will be approximately 2 x Lc.

2. Calculate the AcAw product which is the product of the gross core
cross-sectional area and the gross core window area. The AcAw is calculated
using Equation (64) from Appendix A.

(10%) (L) (Idc + Tac) (Irms) (CM/A)
ACAW = X —
(BKcKw) (2.54)2

(,/8) (d%)(N)

Kw = .45 to .65
106 (Aw)
Ac = gross core cross-sectional area in square inches
Aw = gross window area in square inches
Kc = stacking factor of core
Kw = window fill factor of winding
L = inductance in henries
B = peak flux density in gauss
d = wire (conductor) dia in mils

CM = d2 = circular mi’'s

Irms = RMS current in amperes
I[dc = DC current in amperes
Tac = Peak Ac current referenced from Idc in amperes (see

Figure A.1)
41
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3. Based upon the calculated AcAw product, select a trial silicon iron
core that has about the same AcAw product. The "Rule of 2s" discussed
previously under power line frequency transformer design also applies here.

D - (2.2 to 2.0) x E
(2.2 to 2.0) x F
G xF > (2.2 to2.0) DxE

4. \Using Equation (12) from Appendix A, determine the number of turns
required for the inductance desired.

LI x 108

Ai x B

5. Determine the appropriate wire using Irms and the desired CM/A.

6. Determine if the required number of turns will fit into the core
using the wire size selected. This is known as calculating the "buildup" and
requires several steps.

a. Determine the approximate margin for the wire size being used.
Margin = (0.8 to 1.0) x (wire diameter)'5 at each end of the layer. Margin
should be between .06 and .25 inches. If wire larger than AWG 12 is required,
it is preferable to parallel two smaller strands of wire to give the necessary
cross-section,

b. Determine the maximum length of one layer of a winding.
Lmax = G - 2 x (margin)
The maximum effective diameter of a wire is approximately 1.02 x (maximum wire
diameter listed in the wire table). The maximum effective diameter of the

wire should include wire insulation. Thus, the approximate maximum length,
Lw, of one layer of a given wire size is:

Lw
where N

(N+1) x (1.02) x (max wire dia)
turns per layer
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These equations are used to determine the number of layers required to
accommodate the specified number of turns.

c. Determine the number of layers of windings and the thickness
required for interlayer, interwinding, and final insulation.

d. Determine bulge. Bulge is a percentage of the sum of the
winding(s) thickness, the interlayer, interwinding, and outer insulation, and
the coil form wall thickness. If conductors are smaller than AWG #26, so that
each winding is compact, 5% is enough. If the conductors are large and
therefore do not make a coil with nearly plane faces, allow 10%. Also,
silicone varnished fiber glass for interlayer and interwinding insulation
gives more bulge than Kapton tape.

e. Determine coil buildup.
Buildup for each coil equals:

coil form maximum wall thickness
+ wire diameter x number of layers per winding
+ total of interlayer insulation
+ total of interwinding insulation
+ outer insulation on coil
+ bulge

Calculated total buildup should not exceed approximately 90% of the F dimen-
sion of the window. If buildup is less than 75% of the F dimension, another
core should be selected.

Design trade-offs include: wusing more than one layer, using smaller
wire, using a slightly smaller margin, using bifilar windings, or using a core
with a larger G dimension,

7. Iterate as required to get desired final result.
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SO

8. The air gap, tg, for the core is calculated using Equation (7) from
Appendix A,

4o 0.42N x | ‘
g + — = _centimeters

»
ua B o

In practice the ac/us term is negligible compared to &g. The actual air

% L EEES: BNkt al i RV Y
P -

gap should be five or more times the inherent gap of the core, otherwise the
air gap is too critical. Because of flux fringing at the air gap, the actual

;g gap required in each leg will usually be larger than one-half the calculated

P
.l‘l

o

gap. The larger the gap in comparison to the D and E dimensions of the core
(especially the E dimension of a laminated corej, the greater the fringing. o
Fringing also increases with core flux density. Windings that are close to e
the core legs (minimum radial clearance between windings and core) reduce G
fringing by forcing some of the fringing flux back into the core. The i‘
material used for the air gap spacers must be non-magnetic and electrically N
non-conductive. j3
._’l
6.1.2 CODED-T Approach to Power Line Frequency Inductor Design 4]
“=
Inductors may be designed using the CODED-T program, but the input data Cj
et

must be presented as for a transformer design. The inductor design will be
optimized if the data is scaled before inputting to the computer. If the data ]
is not scaled, the computer-generated inductor design will base core selection
on the frequency of the ripple component and require a more expensive core
than is actually needed. Instead of selecting a core based on the 400 Hz 3: !
power line frequency, the CODED-T program core selection is based on 1200 Hz

for 3-pulse rectification, 2400 Hz for 6-pulse rectification, or 4800 Hz for ;; h
12-pulse rectification. The situation for 60 Hz is analogous. The break :
point for the use of 12-mil and 4-mil core materials is 100 Hz. Two mil - :
material is used instead of 4-mil material at frequencies above 1000 Hz. - ;
Scaling ensures that the transformer and inductor for a given circuit and o
frequency will be designed using the same material. N )
& |
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Application of the scaling factors to the 400 Hz, 6-pulse rectified case
is shown in Table 3; the 60 Hz, 6-pulse rectified case is shown in Table 4.
The factor of 10, and its square, is used in this procedure because it permits
simple manipulation of the decimal point and because a change of 10 numbers in
the wire gage table gives almost exactly a change of 10 to 1 in cross-section-
al area.

The factor of 10/3 and its reciprocal for the 400 Hz case are derived as
follows, after an arbitrary choice of 3 as the frequency modification factor.

From Eac lac x 2 x 4 x f x L

where Eac = RMS voltage of the lowest frequency ripple component

lac = RMS ac current in the inductor
f
L

minimum frequency in hertz

inductance in henries

Then
Eac2 16.83 x 2, x 760 x .05 10

Eac1 168.3 x 2, x 2280 x .0005 3

The mathematical justification for the inductance and direct current scaling
factors is that the stored energy (.5LIZ) is the same for the the scaled and
unscaled case.

For the 60 Hz case a factor of 10/4 is used for voltage scaling and a
factor of 1/4 for frequency scaling.

Actual input to the CODED-T program will be from columns 2 through 8 in
the line "Input Data" in Tables 3 and 4.
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. 6.2 Design of Switching Regulator Power Supply Output Inductor :E
e N
L 1. Calculate the'critical inductance, Lc, using Equation (28) from ii
N Appendix A, and then the desired inductance, approximately 2 x Lc. e
3 >
. Because the steady magnetic flux (from the Idc) lowers the core permeability s
: and hence the inductance below the desired value, start with an inductance
o~ approximately 10% greater than the required operating value. Thus, the design ;ﬁ
= inductance L = 1.1 x 2 x Lc. )
: v
l Note: In a closed loop system, the actual inductance must not vary too -
-2 much or instability may result, Te
z‘ :
L. 2. From Equation (37), Appendix A, calculate f (peak current), and from .
N Equation (40), Appendix A, calculate Irms. a}
3 -
5 3. Using Equation (12) in Appendix A calculate the Ai x N product, ji
N Aj - ® 8 4
ix N=Lx1Ix10
BN »
Where k = inductance from step 1 o
- I = peak current in amperes from step 2 above =
. B = peak flux density in gauss = 2000 to 3000 gauss
’: Higher flux density is normally permitted in chokes than in a Oy
) transformer using same core material because only a portion of
|: the flux is varying, i.e., there is no core loss from the D.C. ;;
d or steady flux
A Ai = minimum net cross-sectional area of magnetic path of chosen :j
" core in square centimeters = Ac (gross cross-sectional area, -
" Figure 4, page 13) e
- N = number turns of wire ot

-
"

4, Pick a tentative core. ol
. -
-1 Start with the same size core as used for the output transformer. ii
p. Calculate N from the Ai x N product (step 3).
3 o
- rs
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5. Choose the wire size based on the Irms from step 2 using a current
density of 500 to 600 CM/A or more for large units. 400 CM/A can be used if
the heating and the voltage drop are acceptable,

6. If a bobbin is used, check the fit of the winding. For pot core, use
Table 2 or the manufacturers' catalog information giving winding space on
bobbins. (Applies mainly where wire is larger than AWG 26.) Also, see graph
No. 7 in the Magnetics Inc., ferrite catalog, p. 5.12 [ref. 5] which applies
mainly where wire is smaller than AWG 26.

7. Iterate steps 3, 4, 5, and 6 to get an acceptable design.
2 0.4aNI

8. Calculate the air gap from ig + — = in centimeters
ua B

For inductor construction, use 1.5 to 2.0 times the calculated air gap
value to compensate for fringing at the gap. Normally, the air gap should not
be smaller than 5 mils, otherwise the inductance value is too sensitive to
small variations of the air gap.

6.3 Benefits of Coupled Inductors

Coupling of inductors is a technique for placing two or more inductor
windings on a single magnetic core. The principle advantage of this design is
that the critical inductance for each of the inductors on the core is based on
the total magnetization of the core. The benefit is analogous to the improve-
ment in regulation in a circuit consisting of two or more loads taking current
from a single source instead of individual sources each of which must supply
the peak current. With two or more load circuits, the magnetization of the
core is held up by all windings instead of being solely dependent upon any one
winding.

The number of turns in each winding must be in the same ratio as the
turns in the windings of the preceeding transformer whose outputs are recti-

fied and taken to the respective windings of the coupled inductor. An inci-
dental benefit is that only one core is required instead of two or more.
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7.0 DESIGN PRACTICES Eﬁ
%

A number of techniques are discussed in the design and construction of n
magnetics which, properly applied, will result in producible magnetic designs. e
A

7.1 Rules of Thumb for C-core Magnetics Loy
. =

As a general rule, coils will be neater and therefore more symmetrical s

and will better fit the magnetic core if the successive windings are started
at the side (left or right) at which the previous layer ended. This is -5

i
contrary to the instruction on the CODED-T printout.
s
‘s
When it is feasible, wind each layer of the winding or coil out to the e
minimum acceptable margin. In some cases, the last layer of a winding may be -a
unfilled. Sometimes it is desirable to “"pyramid" the layers, i.e., one or two ;ﬁ
turns less on each successive layer while achieving the correct total turns -y
and adhering to the margin requirements. Do not increase the number of layers ;ﬂ
to do this. In summary, choose the sequence of the windings and the turns per
layer so that the margins increase with each successive layer. Do not violate ii
a more important requirement.
{
As a general rule, put half of each winding on each leg of a single-phase -
C-core. This is called split coil construction and will give approximately ]
minimum volume, weight, resistance of windings, external magnetic flux, and et
internal coil temperature.
N
\J
On transformers with two secondaries, put one secondary on first, then B
the primary, and finally the other secondary. This will give better coupling, :}
that is lower reactance drop in each secondary, than with the primary first or
last. Ry
._\-.
On transformers with three or more secondaries, the more important NS
windings should be next to the primary. ~
3
|
1
2]
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M Generally each secondary must produce a specified minimum voltage under
low line voltage and maximun load current conditions even if this means a

l! higher than desirable secondary voltage when line voltage is high and load

- current is low. Those secondaries that are not close enough to the primary to

52 have good coupling must produce a little extra voltage to compensate for the
reactance drop caused by the poorer coupling. This may mean an extra turn, or

E§ turns, or at least the extra fractional turn over the theoretical number
required.

‘ As a general rule, core proportions for chokes and transformers using

T C-cores should approximately follow the "Rule of 2s". That is:

YA

(0 D>2xE

B 6:2xF

GxFZ2xDxeE

These proportions approximately minimize the weight and volume of the
completed component (excluding mounting brackets, encapsulant, etc.) Mathe-

matically, the ideal ratios are in the range of about 2:1 to 2.2:1. The
ratios are partially dependent upon the window fill factor (the fraction of
the window area actually occupied by the conductors). The above ratios assume

e
A

a fill factor of about 0.4 and copper conductors.

1B

High voltage components require more insulation than medium or low
N voltage units and therefore a greater ratio of GF to DE and thus will have a
smaller fill factor than 0.4.

N When possible, fill the window nearly completely, leaving only enough

:; space to accommodate tolerances, bulge, etc. Bulge should usually be 5% to

T 10% of the total of conductor diameters (max), insulation thicknesses, and

g coil form wall thickness.

. If window space left over is greater than about 25%, use a more suitable

ii core or larger wire. Unused window space increases the leakage reactance and
thus degrades the regulation of a transformer.

"~
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When attempting to design a transformer or inductor to fit a 1imited
space, several compromises with the wire gage are possible. Instead of the
wire gage indicated by the RMS current, twe bifilar strands (to be connected
in parallel) that are each three sizes smaller than the original gage may be
used. These techniques have several advantages: better coupling due to the
longer layers, reduced buildup which may permit more layers, use of a smaller
margin, and less winding bulge.

7.2 Fabrication of Power Line Frequency Transformers and Inductors
a. Cut coil forms.

b. Wind coils on coil forms using specified margins and

appropriate interwinding and interlayer winding insulation.

C. Assemble coils on a silicon iron C-core incorporating any
nonmagnetic, electrically nonconducting spacers for appropriate air gap if

needed.

d. Assemble electrical terminals, e.g., using fiber glass board.
e. Assemble steel band around C-core and mounting base.

f. Per form basic electrical tests as discussed in Section 8.

g. Complete impregnation and incapsulation.

n. Repeat tests described in step f.

7.3 Rules of Thumb for Pot Core Magnetics

From the standpoint of maximum number of turns on a bobbin, it is usually
advantageous to stagger the starts and finishes of a bifilar winding. The two
strands of wire start at slots that are diametrically located and finish in
the same slot (either right or left side) for an integral number of turns in
each strand.
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Bobbin windings cannot easily be wound with margins and do not need them
because of the flanges. The effective wire diameter should be taken as equal
to the maximum diameter. Ordinarily no aliowance need be made for the fact
that the winding is a helix and the effective diameter is minutely larger than
the actual diameter.

As mentioned under Section 7.1 Rules of Thumb for C-core Magnetics,
multifilar windings may provide better space utilization and better magnetic
coupling,

7.4 Fabrication of Pot Core Magnetics

The steps for pot core magnetics fabrication are described below:

a. Wind coils on bobbin applying interlayer winding insulation if

required.

b. Assemble winding bobbin, pot core, and nonmagnetic, nonconducting

spacer as an air gap, if required.

c. Assemble mounting hardware using the appropriate torque as shown in
Table 5.

d. Perform basic electrical test on transformer as outlined in Section

e. Apply RTV to the slots in the core where the transformer winding
Teads exit,




R

T FCUT Y TN NI S ey

Ve e e S A NACIA R ot i S A i b b e A Al A

TABLE 5.

TR-2389

Kol S YA A AL AL i AL Al WL SR A Al Al AL Sl

RECOMMENDED MOUNTING HARDWARE AND TORQUE
FOR VARIOUS POT CORE SIZES

METAL WASHER MOUNTING P.D. of | TORQUE | MICA WASHER
CORE | ID 0D SCREW SCREW ] 0Z-IN ID 0D
(INCH) (INCH) (INCH)
905  |.067 .156 0-80 .0519 2.7 .065 .150
1107 _|.078 .1835 1-64 .0629 4 .075 .180
1408 |.121 .248 4-40 .0958 7 120 .230
1811 |.121 .248 4-40 .0958 7 120 .290
2213 |.160 .310 6-32 1177 10 170 .360
2616 |.186 .373 8-32 .1437 13 170 .440
3019 |.219 .437 10-32 .1697 15 .210 .520
3622 |.219  .437 10-32 .1697 15 .210  .625
4229 |.219 .437 10-32 .1697 15 .210 .685
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8.0 TRANSFORMER AND INDUCTOR TESTING N

" Before connecting a transformer or inductor into a circuit, the :'

< construction should be checked. The core should be checked for correct :tf
e orientation and damage. Measurement of the inductance of each winding serves -
= as a check of the turns ratio and the continuity of the windings. The turns ’
) ratio equals the square root of the inductance ratio. i
s

- 5 7

N N2/N1 = (L2/L1)° <9
LY ?r
R Equipment for transformer and inductor testing must be chosen carefully. 4
Meters which respond to and read true RMS should be used for all voltage and E

Ei current measurements. Winding resistance measurements can be affected by Zj‘

frequency and distributed capacitance and require an instrument which annlies
DC to the windings. Digital impedance meters use low AC voltage or current

« . 84
v .

o~ for resistance, capacitance, and inductance measurements resulting in

impedance, rather than resistance measurements, if the coil is on the core.

.
N

[ 7‘

When testing high frequency (20 kHz and above) magnetics, additional

t; considerations are required. Special test equipment can be used to duplicate :f‘
' o
the application., It is also possible to make measurements on acceptable Y
ll components with conventional instruments. The results are used to develop "
a acceptance tests. o
: 8.1 Transformers j?
F ', »
v Voltages and currents should be measured with the transformer loaded with -
the actual circuit to be used. A1l secondary windings should have a rectifier jf
o . . . . . . . . -
b‘ circuit, filter circuit and load in place. Testing may reveal connection o]
errors or a connection where there should be isolation,
o o
) Primary exciting current and no load voltage should be measured at maxi- i:
~ mum line voltage and nominal frequency. The exciting current is difficult to :?
accurately predict and varies among units. On a three-phase transformer the A
o~ exciting current may vary from leg to leg. The total exciting current for a fj
3; three-phase transformer could be about 25% higher than in a single-phase -
transformer of equal power. o
!! 55
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To make measurements using a 1000 hertz signal on a transformer intended
to operate at 50 kHz requires 1/50th the normal operating voltage on the
primary in order to achieve the same flux density in the core. A large
increase in flux density will cause disproportional increases in core loss and

exciting current.

8.2 Inductors

In any magnetic device having a core of magnetic material, the permeabil-
ity of the core, and thus the inductance, is dependent upon the magnetic flux
density in the core. In addition to carrying AC current, both power line
frequency and high frequency inductors will carry DC current which affects
core permeability. Therefore, tests should be performed with an instrument
which measures inductance while the inductor is carrying the specified DC and
AC currents at the specified frequency. Designing in 10% additional induct-
ance increases the chances of meeting the AC and DC specifications.

Ideally, inductance should be measured at three or more current levels:
maximum, minimum, and a typical value. The test signal should be at the
frequency and voltage corresponding to the application.
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A.1 Standard Magnetic Design Expressions :S
»
Symbols &
Erms primary voltage in Vrms X
B flux density in gauss -
Ac core gross cross-sectional area in in? 2:
Ai core net cross-sectional area in in?
Ai ??
Kc core stacking factor, Kc = — |
Ac .‘_: o
N number of turns =
f frequency of applied waveform in hertz e F
E peak voltage in volts R '
ton on-time in seconds; equals duty cycle x 1/f -
L inductance in henries 2; b
u permeability in gauss/oersted
H magnetizing force in oersteds gl ‘
2g length of air gap in cm g
LC length of magnetic path in cm gi
pa incremental permeability in gauss/cersted -
Ep primary voltage in volts :b
E, secondary voltage in volts o
Np primary turns
Ng secondary turns .
Ip primary current in amps .
I secondary current in amps ij
z impedance in ohms; equals square root of the sum of resistance
squared plus reactance squared -
VNL no-load voltage in volts
VFL full load voltage in volts -
T period in seconds "} =
EH2 peak amplitude of voltage at 2nd harmonic of supply frequency in

rectified, unfiltered waveform in volts e

o
L
] |
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't RS
*.\; .\
" Edc direct or average output voltage in volts R
RS

' RL load resistance in ohms
X Lc critical inductance in henries 5‘
n w2 angular frequency of second harmonic of supply frequency in radians s
Ez Idc direct current in amps x

peak current in amps
instantaneous inductor voltage in volts
instantaneous current in amps

FORIEA |
ct — D ey

time in seconds

8

tr Erms = V2 B x Ai x N x f x 10~ for sine wave. (1)
- E=4BxAi xNxfx 108 for square wave. (2)
E; E Xt =2BxAixNx 1078 for square or rectangle wave. (3)
Ay x AP x N x 1078 (4) 2
E;, L = henries »
U R,C .J.
g + — 7
] g ;
H= .4r N x I oersteds (5) R,
. \I
e B = H gauss (6) Nk
.\' :.r
n A N x 1 (7) .
o B=——— gauss Y
2C k
1.‘ R'g + — .‘
. ua g
» ["p.
= B.hll (&)
ES Ns Ip
o (EpE 2 (9)
E-\ — = —_— 2 = —_— 2
s (E5) (N,)
. (Vg = Ve,) (10)
. Percent regulation = 100 NL FL
- (Ve )
L, \ue (11)
Irms =] — [®dt Arms
::~: LR
.f'
Cad
A-3
]
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LI x 108 centimeters squared X turns (12)
Ai x N =

R S
N

Eindn s da o §5J0 ey

B

LW

The above is the basic equation for design of chokes for power supplies.
It is not applicable to charging choke design.

F XX

L |

A.2 Derivation of Expression for Critical Inductance of Inductor in an LC

v

Filter for a Rectified Sinusoidal Waveform and a Rectangular Waveform.

| Y

Depicted in Figure A.1 is the current waveform for the case of critical
inductance if the second harmonic only of the supply were present. This is

a .
L
.

never true, but it is an appropriate assumption for a simplified analysis.

-
$,%
O

In practice at least two times the calculated critical value should be

-
used because the current waveform extends farther below the DC 1ine than above
it. At two times critical inductance the waveform approximates the second Zf

harmonic of the supply frequency.

Iac “

[
Idc J R

0
Figure A.1 Relationship of Idc and lac ;:
From Figure A.1 above: ;:

A~

lac = Idc for critical inductance

E .
ie., —n2_ . _EdC (13)

Loy, R
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The equation for the AcAw product, which is applicable to single-phase and
three-phase power transformers built on laminated cores, is given by,

Gross AcAw product in (1'nches)4

_ (25)(ET)(Kp)(4.205) (1 + .00427T))\,, Loglo[(EI)<400>0'8]- AT + 52 (49)
(\Z2) (2.54%) BRcKuf il
Where:
EI = Pout
ncosh

Pout = Power output of the transformer, not of the rectifier or other
circuitry which may follow.

n = Efficiency.

9 = Phase angle of the input.

TA = Ambient temperature in Oc.

AT = Temperature rise in o¢c.

Kc = Stacking factor of core
0.89 for 2-mil material
0.90 for 4-mil material
0.95 for 12-mil material

Kw = Window fill factor (typically in the range of 0.2 for small units,
0.3 for medium size units, up to 0.4 for large units).

KR = 2 for pure resistive load, or 1 +\/E'for tenter-tapped secondary
and resistive load, or 242 if primary is center-tapped drive and
secondary is for center-tapped rectifier circuit,

B = Peak flux density in gauss.

f = Minimum frequency of supply in 'ertz.

Aw = Window area in square inches.

Ac = Gross cross-sectional area of one leg of the core in square inches

Ai = Core net cross-sectional area in inz; Ke = Ai/Ac

N = Number of turns in primary winding.

RMS voltage of the source supplying the primary.

RMS current in the primary as reflected from the secondary.

Note: If the secondary load circuit is a rectifier combination

with a filter circuit, appropriate calculations must be made to

find the secondary RMS current

A-13
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.' Al
‘;. CM = Cross-sectional area of conductor in circular mils. "
. ‘.\'
s = (diameter in mils)? -~
! ICM = Area of 1 mil diameter circle =
9 %
L]
2
o .001 n -
% = n( )= — x 107 in% 0.7854 x 107 in? o
k 2 4 y
2 1 mil= 0.001 inch <
[N ot
< CM/A = Circular mils per ampere.
» E = (1v/7)(2.58%)B x Ac x Kc x N x f x 1073 o
:‘::‘ from which t:’
St Ex 10° v
< gross Ac = (50) -
S o
(r\J2) (2.54%)B x Kc x N x f a
S
- CM x N x Ky . o
o, gross Aw = X (51) »3
:'j Kw x 10 4
8 CM x N x K La
n gross AcAw = E x 10 X R X — X 1 !
‘
S (12) (2.564)B x ke x Nx £ kwx10® 4 1 )
. P
& 25E x I x Ky )
L% = x CM/A (52)
2
R (V2) (2.54°)8 x Kc x Kw x f :
(S 2
,‘;: The CODED-T program uses the following expression to estimate the size
) o,
" wire required for each winding. t::
= 2 1o
- CM/A = 6|40 Log,q (EI) - aT + 51 — (53)
N 3
N _::
‘ “n
" For use here some refinements are made to reduce iterations required when
. designing by manual computation. ~
L. R’i
‘;E Equation (53) did not take into account the fact that, at a frequency !
other than 400 hertz, the transformer would be larger for lower frequencies or 5
. smaller for higher frequencies. To account for other frequencies, the volt-
& ampere product, EI, is multiplied by a foctor of (400/f)"S,
a A-14
N
! S,
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\
L3
E R
or Lc = M2, L (14)
H Ede  wy,
N Ehz 2
h e e for 2-pulse system. (15)
) Edc 3
X E
H2 2
k- e for 6-pulse system. (16)
X i Edc 35
: However, an inductor is seldom used in a 6-pulse or greater system.
r
r. E R
Lc = _H2 X _L (14)
Bdc  “ne
2. R
==X — for 2-pulse per cycle system
A'.‘ 3 W
o H2
(-
- R = EdC (17)
' L Idc
y e =2 x-L xEde (18)
3 who Idc
T Derivation of Critical Inductance for a Rectangular Waveform.
. —| 07 fa— (1-0)7 —
“ T — //
- E; / / a) Voltage waveform
n A ST
N /7_/-// - 0
.l': ' l I
Iy f j
o Al
- ¥ 0
& b) Current waveform
oA Figure A.2 Inductor Voltage and Current Waveform.
.. A-5
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¢
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The voltage, e, across the inductor is given by,

di
e=L— (19)
dt
where L = inductance
i = instantaneous current
t = time

This inductor voltage, e, is the difference between the input voltage, Ein,
and the dc output voltage, Edc. From Figure A.2 a), the inductor voltage is,

e = Ein - Edc (20)

during the on time D x T, where D is the duty factor and T is the period.

The slope of the current waveform, Figure A.2 b), during the on time is,

di al
- = (21)
dt DT
Using Equations (20) and (21) in Equation (19) gives,
al
Ein - Edc = L — (22)
DT
solving for L gives,
(Ein - Edc)DT
L - (23)

Al
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Since the DC voltage, Edc, is the average voltage, then from Figure A.2 a) the
cross-hatched areas above and below Edc must be equal. Thus,

(Ein - Edc) DT = Edc (1-D)T (24)

Inserting Equation (24) into Equation (23) gives,

(1-D)T Edc
Ls —— (25)
Al

Equation (25) is a general equation for the waveforms in Figure A.2. By
definition of critical inductance, the minimum inductance required for
continuous current occurs at, for constant Edc and T, minimum current and
minimun duty factor.

Thus,
Al
— = Idc,min (26)
2
or
4l = 2Idc,min (27)

where Idc, min = minimum DC current.

Using Equation (27) and the minimum duty factor, Dmin, in Equation (25), the

critical inductance, Lc, is found from,

(1 - Omin)T Edc

"
~no
<o

Lc

21dc ,min

A-7
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A
A.3 Relationship of Idc, f, Irms, and Inductance of Choke in Filter Circuit )
of a Pulsed Width Modulated Power Supply. b
N .
ol
. The current in the inductor is shown in the figure below, X
5 ¥
f
A
. Tac =
o ] Idc
\'. Y
i | [ -
: O u::‘
- Figure A.3 Cu~ent Waveform for a Pulse Width Modulated o
Power Supply Output Inductor ﬁ
N The peak inductor current, ’I\, is given by, E
f = Jdc + fac (29) =
v !-
or -
”
> '
: al
~ ”
Y I=1Idc+— (30) -
) 2 ,
. ;:f
L
The maximum Al can be found from Equation (25), which is re-arranged as,
Y N
:'. V‘:‘ |
) (1 - D)T Edc |
N Al 8 — — (31) oy
4\ -\A\ |
L -
: or for maximum al, :-\.:
":‘ ‘
~ RS
(1 - Dmin)T Edc '
, almax = (32)
. .
L "~
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o |
where Dmin = minimum duty factor. ]
p X
g Another expression for almax is found by solving Equation (28) for 2Idc, min q
“ and dividing the result by Equation (32), which results in, ‘
;o
" 2Idc,min L
= _— (33)
aImax Lc
N
o
L
> Defining K = —  gives,
)
w- Lc
o~
& 21dc,min L
N . =—=K (34)
o AImax Lc
ii or
2Idc,min
& Almax = (35) .
or ﬂ
': r> Lc ;
N . <
g almax = 2Idc,min| — (36) )
' L
*

The equation for the maximum peak inductor current, Imax, is

Almax

-- Imax = Idc,max + (37)

[}
!i where Idc,max = maximum inductor OC current

f.‘ .

and almax is found from either Equation (32), Equation (35), or Equation (36).

‘<,
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The inductor RMS current, Irms, is given by

Irms = [(Iac,rms)2 + (Idc)z] 1/2 (38)

where lac,rms = RMS value of the ripple current

for the sawtooth waveform (39)

lac
lac,rms = —
\/3

A1

A

Since Jac = __ ,

~N

then the maximum RMS current, Irms,max, is,

1/2
+(Idc,max ) 2 (40)

ATmax Z

23

Irms,max =

where Almax is found again by either Equation (32), Equation (35) or Equation
(36).

A.4 Application of Inductor Design Equations to the Design of Coupled

b Inductors

The fundamental equation for a single inductor is given by Equation (4).
By rearranging Equation (7), and modifying the N x I product to include the
ampere-turns (NIII’ NZIZ’ N3I3, etc.) of the additional windings, gives

Ldmn e aan an . g
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} " !'C 4" ~ PN A 5
| Lg + —— = NI, + NI, + NI, + etc. (41)
’ l A P Bt 2 S I
; v x A x N x 1078 /
38 Ly = (42) 4
.4' ~ ~ ~ y
: NyIp # NoL, + NIy + etc. X
K ",
2 . -8 R
o B x Ai x Ny x 10 o
h) A-.
~h Ll = (43) oY
N1 * NpTo * Nap3 + ete. '
i ::" ~
o ) -8 .
B x Ai x N1 x 10 .
R o S (44) 23
k ~ 2 ~ N3 - L
" I]. +-';— IZ +;— 13 + etc. '::
- 1 3
N

Equation (41) and either Equation (43) or Equation (44) may be used for
coupled inductor design.

o

m
v

.-'_‘

A o
N The critical inductance, L,c, for inductor 1, is o
.:\'

n ‘
‘. EO 1 toff "

) Lc= (45) o
s N2 N3 _ 2
s 2 101 + 102 — + 103 — + etc. min -~
N N o

t 1 1

b Ac
ot where I, = Idc,min for winding n. o
X

N As can be seen by examination of the denominator, the critical inductance for f
S LA
AN outputs having the same number of secondary turns is the same value even Ay
~ though their currents differ. -

Il-’
'. -
e
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Since the choke windings for outputs having equal secondary turns, must have
equal turns, they will have equal inductance and therefore equal values of

L
K= —0 (46)
Lc

Maximum peak current, In,max, through each winding, n, will be

R Aln ,max
In,max = Indc,max + —— (47)
2

where Indc,max = maximum DC current through winding n

[

Aln,max = maximum AI current through winding n from Equation (32),
Equation (35), or Equation (36).

~

The peak currents, In,max, from Equation (47) are used in the expression

BxAilexIO-g
L, = (48)

2 N3 R

Il,max = I2,max * ﬁ_ I3,max +  ete,

1 1

=

A.5 An Empirical Relationship for Calculating the AcAw Product and the
Circular Mils per Ampere for a Transformer used at a Primary Power Frequency.

fhe empirical portion of the equation is based upon an equation used in
the NAC CODED-T program. The original source of the equation is unknown; it
may have been published in the Armour report on transformer design [ref. A-1].
As given below it has some refinements to make it more useful for choosing a
core and the required copper/current density figure.

The CODED-T program does not need a refined equation because temperature
rise and the effect of other constraints is calculated for each tentative

design. If specifications are not met, iteration proceeds until they are met.
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v ’l
7 2
L Multiplying the unmodified expression for CM/A by Eg
! 1+ .00827T, .

—_— " (54) ¢
e 1.427
fi ’
- makes the expression applicable when the ambient temperature = TA instead of
Qi +100°C. The factor is derived from the expression for change in resistance of
. copper with temperature.
£
= R, 1 +.00427t
ﬁ: R1 1+ .00427t1
- where t, and t, are temperatures in °C.
,
55 Thus,

400 \ 0+ 8
CW/A = (4.208) (1 + .00427T,) { 40 Log;g [(ED| — - AT + 52 (56)
f

The circular mil per ampere relationship is applicable to single-phase
:; trans formers on E-I punched laminations or on C-cores, both single coil and

split coil types.

The CM/A and AcAw product equations are applicable to three-phase transformers
o by calculating for 2/3 the total power required in the three-phase transformer.

- A.6 Derivation of AcAw Product for an Inductor used at a Primary Power
.

Frequency

Pa Solving Equation (7) for &g + &c/uva and converting to inches gives

., iC 4N x ]

. (57

Lg + — =
p ua B x 2.54

""""""""""""""""""""""""""
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Substituting into Equation (4) s
'l
Bx Al x N x 1078 x (2.54)° N
L = (58) *
I -
Z'{j
Solving Equation (58) for N and multiplying by CM gives
-
Lx Ix 108 x (cv/a) x Irms
CM x N = (59) o
B x Ai x (2.54)° <
Since Kc = Ai/Ac, or Ai = AcKc then, =
~ o’
Lx I x 108 x (cM/A) x Irms &
M x N = (60) )
B x Ac x K¢ x (2.58)° s

or

R i

Lx 1 x10% x (CWA) x Irms -

Ac x CM x N = (61)
B x Kc x (2.54)° N

Since,

n x CMx N
Aw = —— (62)

akw x 10°
tnen -

v x Lx | x (CM/A) x Irms x 102 oe
AcAw = — e e (63)
45 x KC x Kw x (2.58)°

18

v S

L R4
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; :
| Letting I = Idc + Iac o
'| -
B mx L x (Idc + lac) x Irms x (CM/A) x 10° by
_ Achw = (64) I
-l 2 ‘.
: 4B x KC x Kw x (2.54) w
L
-
- .
o A.7 Determination of Volts/mil Rating
Il
| ‘.-:
= Volts per mil rating of insulation is approximately inversely
! v. proportional to the square root of the thickness ratio.
=
2 Thus, vy/mit [, 1
— = = (65)
5 V2/m11 d1
| 3
‘ "e .

where: d1 is the thickness of the material having tnhe rating of vl
volts per mil

‘ il .

1s the thickness of the material naving the rating of v,

. V4
volts per mil
= From which can he derived:
v = 'mily (i s {

. Jl = (Vz.rrm )(Al«j{,, bo
: - Or’
|
) ::“ 1 b’l
t -"':: GI R — )

* <j_' J! ™1l

7 A.8 Pot Core Power Uapabiint,
| '..-:
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Where Po

transfarmer

n = transformer

frequency in

Kw = winding 11l

Ae = core etfo o,
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TABLE A.1. Table of AeAw Product For Pot Cores

| EFFECTIVE | WINDING Ae Aw

a Pl LRE | AREA AREA 4
. ‘ NOMBE : Av {em ) Aw (cm™) (cm ™)

|
SN U 'J L0317 0.003202

MR e [ .N478 0.007983

. 4 .

b I, UK88R] A# n0.02211
i IR ’ 0.07404
' . 3 - - -+‘--— e —————

' 1.40

. . + +

o "ot ' AT 4
. i‘

»

"

~

f\

'\
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Rectifier Circuits

This appendix contains a brief overview of common rectifier circuits.
These circuits convert AC sine waves into DC volitage. For each, the
relationships between RMS currents at various points of the circuit are given.

PPC = pulses per cycle is given for each case

TCA = total conduction angle = 91 + 92 in radians

i

where 8, = tan.l _

2
wRC

and n cos 91
91 =S —]- 92 + (wRC)1n
PPC oS 92

w frequency of input sine wave in radians per second
R
C
91 must be solved intera*tively and is best calculated by computer.

load resistance in ohms

filter capacitance in farads

Unless otherwise noted, the following equations apply for each circuit:

4 \pPC

Irms = Idc g/ —
3 TCA
( 2">
- PPC
[ = 2ldc
TCA
Where [dc = load DC current
Irms = RMS current at rectitier circuit output

I

peak AC current at rectifrer carcuit outpat

Figures B.1 through B.8 contain schematics and the equations for some commonly
used rectifier circuits. For more information on rectifier circuits, see

Reference B-1.
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PPC = 2

[ . lrms

I, = lrms
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C.1 Design of a 60 Hz Primary Power Transformer Using the Manual Approach

In this example a 60 Hz primary power transformer is designed using the
manual design approach outlined in section 5.1.1. This example assumes that
the transformer electrical performance specifications have been determined and
are as follows:

Primary: frequency = single-phase, 60Hz + 5%
voltage = 115 Vrms + 10%

]

Secondary: voltage = 10.45 Vrms maximum, center-tapped

current = 10 Arms maximum (at rectifier output)

A schematic of the transformer/rectifier circuit is shown below.

[ lo—* *-
S J_
»—e E T
. £° Ess2 1T jl
P E Es/2 "

Figure C.1 Center-Tapped Transformer/Rectifier Schematic

From Appendix B, Figure B.2, the secondary current is found from,
I, = IO/Jz‘
where IS = secondary rms current
Iy = center-tap rectifier output rms current
Thus,
I, = 10A2 = 7.1 Arms

The secondary voltage is simply twice the rectifier output voltage, thus,

E =2 x (E_W?)
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where ES secondary rms voltage

peak rectifier output voltage

s

\,\‘i .

thus,

%
~I

2

& "R TX
m
o
n
'\

Eg = 20.9 Vrms 2

&

‘a4

Using this information and Section 5.1.1. the transformer design is as h;

E; follows below: :::

2 e
fﬁ 1. The total VA output of this transformer is the product of the secondary é.
A winding rms voltage and the secondary winding rms current, thus, if
e

: o

VA = 20.9 Vrms x 7.1 Arms = 148.39 V-A 2.4

[N
.
4

v
Hh

2. Using an estimated efficiency of 90% gives 164.88 V-A for the primary. g

3. Using Equation (56) from Appendix A, the circular mils per ampere, CM/A,

m-
A
Y

is found from,

» o 400
ot CM/A = 4.205 x (1 + .0047 x 100°C) x {40 x Log,,(164.88 V-A) x

57 Hz i
’.‘ -50°C + 52

or

-

.5 L

U
. ramen
SR

e X

CM/A

i

706

»
£ 14

7.0
'I'(

l'
X

4. The secondary rms current is 7.1 Arms. The primary rms current is found
-, by dividing the primary VA by the primary voltage. Thus,

I. = 164.88 V-A/103.5 Vrms = 1.59 Arms maximum A

: p \::\ t
Using these figures and the result of step 3, the primary and secondary wire :::f

sizes should have approximately 1121 CM and 5013 CM, respectively. Using
tables for solid wires, 20 AWG and 13 AWG wires will provide approximately X
these CM for the primary and secondary windings, respectively.
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5. Using Equation (52) from Appendix A gives for the AcAw product, i:
wd
(25) x (164.88) x (1 x 2) M
AcAw = 3 x CM/A oK
V2 x (2.54)° x 15000 G x .95 x .3 x 57 Hz .
- . 4 N
AcAw = 3.16 in N
>
1
6. Using this product and the "Rule of 2s", a core is selected from a catalog :; "

or preferably from the existing list in NAC drawing number 200AS152 (formerly

drawing number 62A5A53). The tentative core selected from 200AS152 is e
numbered 200AS152-14, which has a commercial part number of either AA431-L, =
A431-L, or CA431 from references [C-1], [C-2], and [C-3], respectively. The
core dimensions in inches and "Rule of 2s" ratios are, o
D = 2.047max, 2.0